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Abstract: We present a new approach to the design of optical mi-
crostructured ﬁbers that have group velocity dispersion (GVD) and effective
nonlinear coefﬁcient (g) tailored for supercontinuum (SC) generation. This
hybrid approach combines a genetic algorithm (GA) with pulse propagation
modeling, but without include it into the GA loop, to allow the efﬁcient
design of ﬁbers that are capable of generating highly coherent and large
bandwidth SC in the mid-infrared (Mid-IR) spectrum. To the best of our
knowledge, this is the ﬁrst use of a GA to design ﬁber for SC generation.
We investigate the robustness of these ﬁber designs to variation in the ﬁber’s
structural parameters. The optimized ﬁber structure based on a type of
tellurite glass (70TeO2¡10Na2O¡20ZnF2) is predicted to have near-zero
group velocity dispersion (< §2ps=nm=km) from 2 to 3 mm, and a effective
nonlinear coefﬁcient of g ¼ 174W¡1km¡1 at 2 mm. The SC output of this
ﬁber shows a signiﬁcant bandwidth and coherence increase compare to a
ﬁber with a single zero group velocity dispersion wavelength at 2 mm.
© 2009 Optical Society of America
OCIS codes: (030.1640) Coherence; (060.2280) Fiber design and fabrication; (060.4005) Mi-
crostructured ﬁbers; (060.5295) Photonic crystal ﬁbers; (260.2030) Dispersion; (260.3060) In-
frared; (320.6629) Supercontinuum generation.
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1. Introduction
Supercontinuum (SC) generation is a process of spectral broadening of short pulses that occurs
as a result of a cascade of nonlinear processes. It has been studied intensively since it was ﬁrst
discovered [1, 2]. It has a wide range of applications in optical metrology and optical imaging
because of its large bandwidth and high intensity [3, 4, 5, 6, 7, 8]. Most of the studies of SC
generation performed to date have been based on silica ﬁbers. Due to the properties of silica
glass, SC generation has been limited to visible and near infrared wavelengths. Today, with the
development of soft glass microstructured optical ﬁbers [9], the effective nonlinear coefﬁcient
of ﬁbers can be enhanced by a few orders of magnitudes [10], the group velocity dispersion of
the ﬁber can be tailored to a variety of proﬁles [9] and the range of operating wavelength can
also be extended into mid-infrared [11, 12]. The use of such ﬁbers promises SC applications in
themid-IRsuchasmid-IRLightDetectionandRanging(LIDAR)[3],mid-IRopticalcoherence
tomography (OCT) [4], mid-IR absorption spectroscopy [5] and mid-IR coherent anti-Stokes
Raman scattering (CARS) [6, 7, 8], etc. A Mid-IR SC source would also be a good substitute
for current mid-IR sources such as optical parametric oscillators and quantum cascade lasers.
Some studies on soft-glass ﬁber based mid-IR SC generation have demonstrated that they can
generate SC up to 4»5mm [11, 12, 13]. However, to the best of our knowledge, these mid-IR
SC studies have been more focused on generating bandwidth extending into the mid-IR rather
than the coherence of the generated SC.
Coherence is a measure of the correlation properties between two pulses. Many SC applica-
tions depend upon the coherence such as OCT [14], ultra short pulse compression [15], optical
frequency combs for frequency metrology [16, 17, 18, 19, 20], etc. Although the level of co-
herence (high or low) and the types of coherence (spatial, temporal or spectral) vary from one
application to another, the ability to control coherence through ﬁber design is usually appre-
ciated. The complexity of SC itself makes this control difﬁcult to achieve desired coherence
properties by simply scanning the range of potential ﬁber structures and pump regimes. There
are a few cases that allow us to obtain high coherence SC generation [21, 22]. However, these
cases are either complicated or do not consider optimizing other aspects of SCG such as band-
width. Usually, to obtain high coherence, it can be necessary to trade off bandwidth since the
main broadening mechanism needs to rely on self-phase modulation. However, achieving re-
quired level of coherence and a certain bandwidth over a speciﬁed propagation length is not
straightforward using the approaches described to date.
The process of SC generation involves multiple physical effects including self-phase mod-
ulation (SPM), cross-phase modulation (XPM), four-wave mixing (FWM), stimulated Raman
scattering (SRS), soliton ﬁssion and dispersive wave generation. [23, 24]. To manipulate the
process or the output of a SC requires controls of multiple parameters. This makes it difﬁcult
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ods have been used in previous studies to tailor the SC spectrum, such as shifting the zero
dispersion wavelength (ZDW) [25], ﬂattening dispersion slope [26], tuning pulse chirp [27],
modiﬁcation of the pulse shape [28] and connecting multiple piece of ﬁbers with different
dispersion [29]. All of these methods inﬂuence the generated SC. However, because of the
lack of degrees of freedom (free parameters), their usefulness in the design of SC generation
is usually limited, and in general, large parameter space searches are required. For example,
shifting the ZDW with respect to the pump wavelength can vary the SC output dramatically.
However by doing this, higher order dispersion and nonlinearity also change, which also in-
ﬂuences the generated SC. A more advanced example is shown in Ref.[26]. Although this
example demonstrates a high level of dispersion control, it ﬁrst relies on an assumption that
the total ﬁber dispersion is the linear summation of material dispersion and waveguide disper-
sion (Dtotal ¼ Dmaterial +Dwaveguide) [30, 31, 32], which is not always appropriate, and second
it does not optimize the ﬁber nonlinearity for SC generation. To extend our ability to control
and specify the properties of the generated SC, a more general method is required so that all
relevant attributes of a ﬁber can be considered in SC optimization.
To avoid the need for exhaustive parameter searches, and to increase efﬁciency, we have
developed a Genetic Algorithms (GA) [33] based method to optimize the design parameters of
optical ﬁbers. GAs simulate natural selection. They evolve a group of parameters by crossover
and mutating the contents of these parameters and mating them according to certain design
rules. By doing so, the outputs calculated based on these input parameters can have better
overall properties with the increase of generations (iterations) [33]. GAs have been used widely
for optimizing complex problems including ﬁber design for special dispersion proﬁles [34].
However, to the best of our knowledge, they have never been used to design ﬁber structures
for the purpose of optimizing the bandwidth and coherence of SC generation. In this paper, we
demonstrate, for the ﬁrst time, the use of a GA to design a ﬁber structure for SC generation and
target at large bandwidth and high coherence in mid-IR spectrum.
While GAs are relatively mature algorithms, there is still one major obstacle that needs to
be overcome to apply them to this speciﬁc problem. Conventionally, GAs work by evaluating
a ﬁtness function (in our case a ﬁtness function is related to the SC bandwidth and coherence)
based on a set of parameters (in our case the ﬁber design parameters). In this work, the eval-
uation of the ﬁtness function starts with a calculation of the ﬁber nonlinearity and dispersion
corresponding to a given ﬁber design using a ﬁnite element method and then the SC band-
width and coherence using a pulse propagation method (labeled as the ”Full Genetic Algorithm
Approach”(dashedbluearrows)inFigure1).However,thisfullGAapproachwouldbeimprac-
tical due to the time-consuming pulse propagation. As an example, assuming 1000 structures
(i.e., parameter sets, normally called population in GAs [33]) are used and 10 iterations are
needed to get the required result then it will take about 11.4 years (10 hours for each structure)
to accomplish the job on a typical current computer (2.66 GHz Intel Quad-Core CPU, 4GB
800MHz Memory).
To overcome this obstacle, we develop here a versatile intermediate approach (known here
as the Hybrid Approach) to exclude the beam propagation part out of the GA loop. As the red
solid arrows shown in Fig. 1, instead of using the full GA approach, we solve this problem with
a two-step approach and only use GA for half of it. With this approach, we ﬁrst explore the
relations between ﬁber properties (dispersion and nonlinearity) and SC output (bandwidth and
coherence) through a simpliﬁed model and then use a GA to optimize the ﬁber design based on
these relations.
This paper consists of four parts. In Section 2, we discuss the fundamental elements of the
pulse propagation method. In Section 3 we explain our simpliﬁed model and determine the
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Fig. 1: Schematics of full and hybrid GA approach. Dashed blue arrows form the full GA loop,
solid red lines form the hybrid GA loop.
conditions for obtaining large SC bandwidth and high coherence. In Section 4, we start with an
initial ﬁber design and use GA to optimize its structure for the conditions identiﬁed in Section
3. Finally, in Section 5 we present the SC output of the optimized ﬁber design and discuss the
results.
2. Basics of beam propagation modeling
Before we show the simpliﬁed model, a few key components of pulse propagation modeling
need to be discussed. Modeling of beam propagation is based on the nonlinear Schr¨ odinger




























where A(z,t) is the envelope of the electric ﬁeld of a propagating pulse E(x;y;z;t) =
A(z;t)F(x;y)eib(w)z. We assume the mode ﬁeld distribution F(x;y) of different modes do not
change during propagation. The propagation constant of the pulse modes b(w) for speciﬁc
geometry can be pre-calculated through ﬁnite element method (FEM). Here, the coefﬁcients
bk = ¶kb(w)=¶wkjw=w0 are the coefﬁcients in the Taylor series expansion of b(w) around
frequency of input pulse w0. a represents the loss calculated based on the material and conﬁne-
ment loss and g is the effective nonlinear coefﬁcient of the ﬁber. Details of the deﬁnitions of
these parameters are shown in Appendix I (Eq. (6-9)). It should be noted that Eq. (1) is derived
in the regime where the weak guidance approximation is valid. A full vectorial pulse propaga-
tion model [35, 36] should be used in order to accurately describe the nonlinear and dispersive
effects in ﬁbers with high index glasses and sub-wavelength structures. However, the hybrid
GA method proposed here could still be applied to the full vectorial model, which is beyond
the scope of this paper.
The Schr¨ odinger equation Eq. (1) is solved numerically using a split-step-Fourier method.
As part of this procedure, the dispersion terms åk>2(ik+1=k!)[bk¶kA(z;t)=¶Tk] are included
in the frequency domain using b(w) ˜ A(w) where ˜ A(w) is the Fourier transform of A(t) [23].
The frequency dependence of g is calculated through optical shock term tshock. The modeling
work presented here is based on a type of Tellurite glass (70TeO2 ¡10Na2O¡20ZnF2) [37].
Its Raman response function and Raman fraction are calculated using Eqs. (14) and (15) (see
details in Appendix I) and the Raman gain spectrum as shown in Fig. 2.
The Raman fraction fR is equal to 0.064 for this composition of glass (see the derivation in
Section 7, Eq. (10-15)). Although this value is about 3 times smaller than that of silica glass
(0.18), the fact that the nonlinear refractive index n2 of this tellurite glass (5:9£10¡19m2=W) is
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Fig. 2: Raman gain spectrum of 70TeO2 ¡10Na2O¡20ZnF2 glass, pumped at 1060nm [37]
(left) and calculated Raman response function using the maximum Raman gain at 1155nm
(right)
much higher than silica glass (2:36£10¡20m2=W) [38] results in much higher Raman response
(g fRhR(t) see Appendix I) for tellurite glass than silica glass.
In this paper, the spectrum coherence of a SC output refers to mutual pulse coherence and it
























where E1 and E2 are the electric ﬁelds of two pulses from two different shots, l is wavelength,
t1 and t2 are time. To calculate coherence, shot noise is randomly introduced into each initial
pulse and 20 such pulses are taken for each coherence calculation [40]. For convenience, we








jE(l)j2dl to describe the
overall coherence of a pulse across the spectrum [24]. The bandwidth of the generated SC is
deﬁned as the width at 20dB of the maximum point in the spectrum.
3. Simpliﬁed models
The main nonlinear effects that are involved in SC generation include SPM, XPM, FWM, SRS,
soliton ﬁssion and dispersive wave generation [24, 41]. Depending on the ﬁber properties (non-
linearity and dispersion) and inputs conditions (pulse width, intensity, wavelength, chirp, etc.),
the detailed mechanisms underpinning SC generation can vary dramatically [24]. This indi-
cates an important difference between SC generation and individual linear-nonlinear effects
like SPM, XPM, FWM, SRS, etc. While for the individual processes there is usually an ap-
proximate analytical relation that can be used to ﬁnd the optimized conditions of the process,
for SC generation, we have to rely on numerical methods. Furthermore, although SC generation
can always be predicted numerically when all required initial conditions are provided, noise can
be a critical aspect for the SC process because of the modulation instability (MI). In particular,
”Rogue waves” [42] in optical ﬁber (optical solitons) can make the outputs of SC generation so
different from pulse to pulse that only statistical predictions can be made.
Although the broadening process has random factors, we still can build up a basic under-
standing of the relations among ﬁber nonlinearity, dispersion, SC bandwidth and coherence by
exploring different combinations of nonlinearity and dispersion proﬁles. However, the inﬁnite
possible combinations still make this exploration process too complicated to be useful. That is
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processes involved in SC generation.
The simpliﬁed model will be used as guide line for deﬁning the ﬁtness function for the GA.
While this choice is not unique and inﬂuences the accuracy of predicting the output SC in
the ﬁnal ﬁber. Because of this, it may require a few iterations before an appropriate simpliﬁed
modelcanbedecidedforpracticaluse.Forpurposeofthispaper,toshowthefeasibilityofusing
a hybrid GA to effectively design ﬁbers to generate SC with particular desired characteristics.
We approximate dispersion and nonlinearity to the ﬁrst order (i.e. we use constant dispersion
and nonlinearity). Together with Raman response function, we use the simpliﬁed model to
explore the relationship between the nonlinearity and dispersion of ﬁbers and the bandwidth
and coherence of SC outputs. In this simpliﬁed model, the UV cutoff and IR cutoff are set
at 0.4mm and 6mm respectively. The loss around the cutoffs is interpolated with exponential
functions and the loss between these cutoffs is assumed to be zero.
Figures 3 and 4 show the bandwidth and coherence variation of the SC generation of a 100
fs, 10 kW peak power pulse propagating along the ﬁber from 0 to 50 mm for values of D = -5 to
5 (ps/nm/km) and g = 100 and 200 (W¡1km¡1). The basic trends of the spectral broadening and
coherence degradation as shown in the ﬁgures can be summarized as follows: 1) the coherence
decreases as either nonlinearity or dispersion increases, and it mainly happens in anomalous
dispersion regime, 2) the bandwidth increases as either nonlinearity or dispersion increases and
it increases dramatically in anomalous dispersion regime. By analyzing the spectrum evolution
of the propagating pulse, it is clear that: 1) in the normal dispersion region, SPM dominates the
broadening, (2) in the anomalous dispersion region, FWM, MI and soliton ﬁssion dominate the
broadening.
It can be inferred from the results shown here that a broad bandwidth SC that is only lim-
ited by transmission window of that ﬁber can readily be obtained from SC generation based
on ﬁbers with anomalous dispersion and large nonlinearity. However, the coherence reduces
dramatically in this regime. On the other hand, although the spectral broadening is relatively
slow in the normal dispersion regime, a broad bandwidth can still be obtained with large non-
linearity and small absolute values of dispersion (for comparatively long propagation lengths).
Furthermore, no obvious coherence degradation is observed for small absolute values of dis-
persion. Therefore, for the purpose of designing a large bandwidth and highly coherent SC
source, ﬁbers with high nonlinearity and ﬂat small absolute values of dispersion are preferred.
It is worth mentioning that the conclusions obtained here are based on some simpliﬁcations. In
reality, both nonlinearity and dispersion are wavelength dependent, and thus the broadening of
pulses differs from the simpliﬁed models. However, this simpliﬁed model provides important
information (at least to ﬁrst order) about the relation between SC bandwidth and coherence and
ﬁber nonlinearity and dispersion, which is used in the next section for the GA to generate ﬁber
structures that are suitable for this purpose.
4. Fiber structure design and genetic algorithms
Based on the results of the simpliﬁed model shown above, we seek to use a Genetic Algorithm
to design a ﬁber [33]. When using a GA, the choice of initial ﬁber structure is as important as
the deﬁnition of an appropriate “ﬁtness function”, which quantiﬁes the suitability of the proper-
ties of the ﬁber for the purpose of generating coherent broadband SC. The initial ﬁber structure
needs to contain several free parameters that control the structure, and ideally, its topology
should be capable of supporting a broad range of variations in the ﬁber properties (particu-
larly nonlinearity and dispersion). From previous reports, we know that structures with small
cores are able to provide high nonlinearity [25, 10] and structures with relatively more glass in
the cladding (such as rings-of-holes structures) can in some cases provide ﬂat and low disper-
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(b) g = 200W¡1km¡1
Fig. 3: 20dB Bandwidth, in mm, of generated SC output with different constant dispersion D


















































































(b) g = 200W¡1km¡1
Fig. 4: Coherence < jg
(1)
12 j > of the outputs of SC generation with different constant dispersion
and nonlinearity at different propagation length. < jg
(1)
12 j > = 1 is maximum value associated
with perfect coherence
sion [34]. The design of the initial structure also takes account two other aspects: conﬁnement
loss and fabrication distortion. To reduce conﬁnement loss and minimized glass ﬂow between
core and cladding regions during ﬁber drawing, we decided to use a double cladding structure
with inner structure providing special optical properties and suspended by the outer structure
through thin struts to provide high conﬁnement.
Based on this knowledge, an initial ﬁber geometry is designed based on the geometry shown
in Fig. 5. This geometry is deﬁned by a set of parameters R1, R2, R3, R4, R5, r1, r2, r3, L1
and L2. Depending on the values chosen for these parameters, this structure can vary from a
small-core structure with high nonlinearity (when core region (R3) is small) to rings-of-holes
structure (when inner six holes are at similar size and sit at middle of the core region). In order
to increase the efﬁciency of this GA calculation, only R1, R3, R4, r1, r2 and L1 are set as free
parameters.
In a GA, the ﬁtness function acts as a ﬁgure of merit and its value can quantitatively describe
the goodness or badness of the input information (structure parameters). In order to choose
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an appropriate expression of ﬁtness for this problem, we have to take account of ﬁber nonlin-
earity and dispersion, where the dispersion includes material (via the Sellmeier equation) and
waveguide dispersion effects.
The material dispersion always exhibits large negative values at short wavelengths and large
positive values at long wavelengths. The waveguide dispersion cannot cancel the material dis-
persion in those regimes unless the ﬁber structure is operating in the extreme sub-wavelength
regime (when the core size is much smaller than wavelength). In such cases, both material and
waveguide dispersion are insensitive to the ﬁber structure. For ﬁbers with relatively large core
diameter, the cutoff wavelength of glass transmission is usually reached before the dispersion
at that wavelength becomes insensitive to the structure. Therefore, in the dispersion proﬁle of
a non-sub wavelength ﬁber, there still are large negative and large positive values at short and
long wavelengths respectively. Only in the middle region, where waveguide dispersion values
can have similar magnitude of material dispersion, that the total dispersion can be effectively
manipulated via the choice of the ﬁbre structure. Based on this information, we choose to deﬁne




where gpump is the nonlinearity at pump wavelength and Di are the dispersion values across the
wavelength region for which we strive for ﬂat dispersion. The reason for taking the summation
in Eq. (3) instead of integrating is to reduce the number of points used in the calculation to
speed up the modeling. This ﬁtness function is consistent with the results of our simpliﬁed
model in Sec. 3 that large nonlinearity and small absolute values of dispersion are required
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dispersion will result in large ﬁtness. This is not the only deﬁnition for the ﬁtness function that
could be used. Other choices can also be used as long as the ﬁber structures converge as the
ﬁtness increases (or decreases). For simplicity and to make the numerical calculation viable,
we only use three dispersion values at wavelengths l = 2000 nm, 2500 nm and 3000 nm for
the summation on the denominator of Eq. (3).
In our GA model, we use 1000 parameter sets (each set consists of values for R1, R3, R4, r1,
r2 and L1). The crossover functions are deﬁned as Eq. (4) and (5), which are used in the mating


















new are new generated parameter sets, Pset
(¤)
old are old parameter sets and a is a
random number between 0 and 1. The mutation rate (see Ref. [33]) is set to 20% which is
found to be a good ratio for this model. After 6 iterations, the output of this GA model is the
structure in Fig. 6(a) whose dispersion shows a low ﬂat region between 2 » 3 (mm) as shown in
Fig. 6(b).Thevariationofdispersionisabout§2ps/km/nmwithinthiswavelengthrangewhere
nonlinearity is in the range of 68 » 174 (W¡1km¡1). It is worth mentioning that this range of
nonlinearities are far smaller than the maximum nonlinearity that can be achieved in this glass
(calculated around 1500 W¡1km¡1 with R3 close to 0.65 mm). In addition, the nonlinearity
decreases quickly with increasing of wavelength as it is evident in Fig. 6. This is because
of the effective mode area increases quickly with wavelength, and the spatial location of the
guidedmodetransitionsfrombeingconﬁnedwithinthecentralsixholes,toseeingthescalloped
hexagonal as the core. This result shows the efﬁciency of GA (since only 6 iterations were
taken) for this problem. It also demonstrates the capability for achieving dramatic dispersion
control with our new ﬁber design.
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Fig. 6: Optimized structure (a) and its corresponding dispersion and nonlinearity (b).
The stability of the convergence of the GA for this problem was investigated through study
of a subset of GA outputs with ﬁtness values larger than 100 nm/ps/W within the last generation
(iteration). Their nonlinearity and dispersion proﬁles are shown in Fig. 7. Within this subset, the
maximum difference in dispersion among these samples is about 5ps/nm/km and the maximum
difference in nonlinearity at 2 mm is about 40 W¡1km¡1. The variation of each parameter of
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Fig. 7: Dispersion(left) and nonlinearity(right) of a range of samples.
the structure are listed in Table 1. The last column of Table 1 shows the relative change of
each structural parameter within the subset, which indicates the potential inﬂuences of each
parameter brought in by fabrication.
Table 1: Statistics of the structure parameters
Average (mm) Standard Deviation (mm) Relative Error
R1 1.64e-006 8.03e-009 0.49%
r1 4.05e-007 1.01e-008 2.49%
r2 3.16e-007 8.14e-009 2.57%
R3 3.20e-006 8.50e-009 0.26%
R4 6.24e-006 6.54e-007 10.48%
L1 1.17e-006 1.76e-007 15.02%
From this table, it is clear that the position of the six holes in the center region (R1) and
the amount of glass around these holes (R3) are particularly critical. The size of the center
six holes are also important parameters. The standard deviations of r1 and r2 are smaller than
the difference between them, which means r1 and r2 need to be different in order to have
ﬁne control of dispersion and there are at least two localized solutions around the average
radius of these two since the symmetry of the ﬁber geometry shows they are exchangeable. The
inﬂuence of the outer ring (R4) and its thickness (L1) is clearly less. These results tell us that,
in fabrication, more attention needs to be paid to the central structure rather than outer parts,
which is unsurprising.
5. SC generation in optimized structure and discussion
As discussed in Section 4, unlike the ideal constant dispersion cases, any practical ﬁbers al-
ways have large negative (normal) and positive (anomalous) dispersion for short and long
wavelengths respectively. The ﬁber nonlinearity is also wavelength dependent. Nonlinearity de-
creases as wavelength increases as result of nonlinear refractive index decreases and effective
mode area increases. These wavelength dependencies make the choice of pumping wavelength
critical for SC generation (in practice, one should choose the pumping wavelength before de-
signing and optimizing the ﬁber). To investigate this in detail, in the following, we use the
optimized ﬁber structure developed in the previous section and predict the generated SC when
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Fig. 8: Bandwidth (left) and coherence (right) of SC outputs with different pump wavelengths
































































































































































Fig. 9: Normalized intensity (left) and coherence (right) spectrums of pulses propagating along
the optimized ﬁber pump at 2, 2.2, 2.5 mm from top to bottom respectively.
Figure 8 shows the bandwidth and coherence of the pulses propagating along the ﬁber. Recall
that the ﬁber design developed in previous section is optimized for SC generation in the spec-
trum region of 2»3mm (region between the dashed lines). In this region, as indicated in Fig. 8,
the bandwidth initially increases as pump wavelength increases. However, this is then followed
by a decrease and an increase as the pump wavelength increases towards the end of the spec-
trum (» 3mm). On the contrary, the coherence ﬁrst decreases and then increases as the pump
wavelength increases. According to the results of the simpliﬁed model, large values of nonlin-
earity or dispersion result in large bandwidth and low coherence, small values of nonlinearity
or dispersion result in small bandwidth and high coherence. The changes in the bandwidth and
coherence in Fig. 8 are due to the increase of the average dispersion and decrease of average
nonlinearity across the pulse spectrum. For a certain propagation length, e.g. 20 mm, the pulse
#116914 - $15.00 USD Received 8 Sep 2009; revised 3 Oct 2009; accepted 5 Oct 2009; published 9 Oct 2009
































































































































































the optimized ﬁber pump at 2.9, 3, 3.2 mm from top to bottom respectively.
spectrum moves into ﬂat near-zero dispersion region when the pump wavelength moves from 2
to 2.2 mm, and then moves gradually into anomalous dispersion region when the pump wave-
length from 2.2 to 3 mm. However, during this process, the nonlinearity drops more than a half
as the pump wavelength increases from 2 to 3 mm. This is the reason why the bandwidth de-
creases for pump wavelengths around 2:5mm and the coherence increases slightly around the
same region. Fig. 9 shows the intensity and coherence spectrums of SC generations pumped
at 2, 2.2, and 2.5 mm, from top to bottom respectively. The decrease of coherence along the
propagation for these cases (also shown as the decrease of average coherence in Fig. 8 at cor-
responding pumping wavelength) is due to the anomalous dispersion after 3mm of this ﬁber
design (Fig. 6(b)). This is explained in Appendix II. As the pulse sees more anomalous disper-
sion, MI start to have more impact on the broadening as can be seen in the side bands of the 2.2
and 2.5 mm pumped cases in Fig. 9. For pump wavelengths longer than about 2:7mm, the pump
is in the anomalous dispersion regime and nonlinearity is low. Once the pulse is broadened
initially, there is not enough power to arise sufﬁcient nonlinear effects to cause the decrease of
coherence. That is why the generated bandwidth is large but coherence remains high. Corre-
sponding examples are given in Fig. 10, which show the intensity and coherence spectrums of
pulses pumped at 2.9, 3, and 3.2 mm from top to bottom respectively.
In order to show the enhancements of bandwidth and coherence that can be achieved with
our new design (Fig. 6), we compare its spectral output with that of a 10mm diameter tellurite
glass rod surrounded by air which also has zero dispersion around 2mm. The dispersion proﬁle
of the rod calculated using the same Sellmeier equation as we used for our new design, is shown
in Fig. 11. Fig. 12 and Fig. 13 shows the comparison of the SC bandwidth and coherence of
three cases: a) the optimized structure, b) 10 mm rod and c) an artiﬁcial case of a 10 mm rod
with the nonlinearity of the optimized structure. Fig. 12 is the evolution of the intensity and
coherence spectra of SC generation along the propagation direction. The pump wavelength is
2 mm. Case b) does not display much spectral broadening although the coherence is high due
to relatively low nonlinearity of the rod (47.3 W¡1km¡1 at 2 mm). Recall the optimization of
our design is to achieve high coherence as well as large bandwidth. So case b) is not ideal.
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(c) 10mm diameter rod with the nonlinearity proﬁle of optimized structure
Fig. 12: Intensity (left) and coherence (right) spectra of a pulse propagating along the ﬁber with
different dispersions and nonlinearities. a) For dispersion and nonlinearity proﬁles of optimized
structure, shown in Fig. 6, b) for dispersion and nonlinearity proﬁles of 10 mm diameter rod,
shown in Fig. 11, c) for dispersion proﬁle of 10 mm diameter rod with nonlinearity proﬁle of
the optimized structure.
Case c) has larger bandwidth than case b) due to higher nonlinearity. Comparing c) to a), the
bandwidth of c) broadens at a shorter propagation length than a) but the ﬁnal bandwidth of c)
is not as large as a) and its coherence is also lower than the one of a). Fig. 13 shows the same
conclusion in a different form. These comparisons show that the ﬁber structure optimized by
the hybrid GA approach does have better SC performance in terms of both large bandwidth and
high coherence than conventional ﬁber designs.
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10µm rod with opt. γ
10µm rod



















10µm rod with opt. γ
10µm rod
Fig. 13: 20dB bandwidth (left) and coherence (right) of SCG with dispersion and nonlinearity
proﬁles of optimized structure (Fig. 6), 10 mm diameter rod (Fig. 11) and 10 mm diameter rod
with nonlinearity proﬁle of optimized structure.
6. Conclusion
In this paper we demonstrated the ﬁrst application of GAs to design ﬁbers that are optimally
suited for SC generation. A hybrid approach is introduced to increase the efﬁciency and prac-
ticality of GAs for SC generation. In our hybrid approach, we considered a simple case of
constant nonlinearity and dispersion and found the relation between the coherence and band-
width of the SC generation as a function of constant nonlinearity and dispersion. This relation
was used to establish the ﬁtness function for the GA model. Although, the choice of the initial
simpliﬁed case is not unique, the one used here provides insight into the regimes that produce
coherent SC. It is computationally efﬁcient and leads to ﬁber designs with high SC coherence
and bandwidth.
Applications of this hybrid approach and the prototype of our new ﬁber design are not limited
to design SC generation. Other applications can take advantage of this hybrid approach. For
example, it could be used to optimize the gain bandwidth and the phase matching condition of
an optical parametric oscillator (OPO). Although there are already known relations for OPO
such as relations for gain wavelength and bandwidth, and we can use these relations directly,
the hybrid approach still can be useful if other characteristics apart from the gain wavelength
and bandwidth needed to be optimized.
7. Appendix I: Deﬁnition of components in nonlinear Schr¨ odinger Equation
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where nef f is the effective refractive index of the propagating modes. R(t) in Eq. (1) is the
nonlinear response function which is deﬁned as [23]
R(t) = (1¡ fR)d(t)+ fRhR(t) (10)
where fR is the Raman fraction and hR(t) is Raman response function. The ﬁrst term represents
instantaneous nonlinear effects and the second term represents delayed effects. Previously, in
silica glass, fR is estimated by using the peak value of the Raman gain [23]. However, this is
not accurate for glasses with multiple peaks in Raman gain. In this work, the Raman fraction
fR is calculated through an integration over the Raman gain spectrum. According to Ref.[43],
the complex nonlinear refractive index can be expressed as
N2(W) = fRN2(0)˜ hR(W) (11)
where W=w¡w0, N2(0)=n2(w0). The imaginary part of the nonlinear refractive index N2(W)





















where P is Cauchy principle value. Take inverse Fourier transform on Eq. (11) and then inte-
grate over t on both side, and recall
R ¥











Notice the symmetry of the real part and the antisymmetry of the imaginary part of N2, the
integral been taken in fR is real.
8. Appendix II: Cause of coherence degradation
The degradation of coherence occurs due to the fact that the anomalous dispersion tail that
starts to dominate from 3mm as a result of the increasing role of material dispersion in this
regime. To prove this, we compare the coherence from the dispersion proﬁle in Fig. 6 to the
ones from a couple of artiﬁcial dispersion proﬁles as shown in Fig. 14. The dispersion proﬁle
MOD1 is modiﬁed based on proﬁle ORIG where the ﬂattened region is extended from 2»3mm
to 2 » 4mm. The dispersion proﬁle MOD2 is obtained by inverting the tail of ORIG proﬁle
from the point when the derivative is zero. The third artiﬁcial dispersion proﬁle MOD3 is also
obtained by inverting the tail of MOD1 proﬁle. Fig. 14b shows the behavior of coherence as
a function of propagation length for all the proﬁles. The behavior of coherence in MOD1 is
similar to ORIG, i.e., it decreases after a certain length of propagation, but the degradation
happens at longer lengthes compared to ORIG. In contrast, MOD2 and MOD3 do not show any
obvious loss in coherence.
#116914 - $15.00 USD Received 8 Sep 2009; revised 3 Oct 2009; accepted 5 Oct 2009; published 9 Oct 2009




































































Fig. 14: Dispersion curves and corresponding coherence of the SC outputs. Curve ORG is the
original dispersion curve calculated from GA modeling, MOD1 to MOD3 are the artiﬁcial
dispersion curves
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